The aim of this study was to use electrical impedance tomography (EIT) to detect and image acute intracranial haemorrhage (ICH) in an animal model. Blood was infused into the frontal lobe of the brains of anaesthetized piglets and impedance was measured using 16 electrodes placed in a circle on the scalp. The EIT images were constructed using a filtered back-projection algorithm. The mean of all the pixel intensities within a region of interest -the mean resistivity value (MRV) -was used to evaluate the relative impedance changes in the target region. A symmetrical index (SI), reflecting the relative impedance on both sides of the brain, was also calculated. Changes in MRV and SI were associated with the injection of blood, demonstrating that EIT can successfully detect ICH in this animal model. The unique features of EIT may be beneficial for diagnosing ICH early in patients after cranial surgery, thereby reducing the risk of complications and mortality.
Introduction
Intracranial haemorrhage (ICH) is one of the most serious and dangerous medical emergencies. In severe cases, cranial surgery is the most effective way to save lives. Unfortunately, a considerable number of patients haemorrhage again after surgery. 1 At present, the immediate diagnosis and treatment of secondary ICH poses several challenges. Patients who undergo cranial surgery usually undergo post-operative computed tomography (CT) scans to assess whether the procedure has been successful and to detect possible complications. 2 -4 Although CT can provide an exact image at a certain time point after haematoma formation, it cannot be used continuously and so it is often unable to detect secondary ICH. In one retrospective study, none of the patients who had routine post-operative CT scans within 24 h needed further surgery for complications, whereas 30% of patients who Use of electrical impedance tomography for intracranial haemorrhage had urgent post-operative CT scans (because of problems identified during a bedside neurological examination) required emergency surgery. 5 This finding may indicate that new technologies are needed to detect secondary ICH promptly, in order to increase survival and decrease complication rates.
Electrical impedance tomography (EIT), a novel technique that constructs images from in vivo impedance changes measured on the body surface, 6, 7 is a promising tool for providing diagnostic information about ICH. As a non-invasive, radiation-free, functional imaging technique, EIT offers the possibility of continuous bedside monitoring of various physiological effects and pathological processes. For over 20 years, EIT has been intensively studied in neurological applications, 8 -10 but it also has the potential for monitoring the ICH process. Because there are large differences in impedance between blood and brain parenchyma, 11 when blood extravasates into the brain parenchyma it induces significant changes in the impedance distribution of the brain, which can be imaged by EIT. It has also been reported that the impedance changes induced by intra-and retroperitoneal bleeding can be monitored using EIT. 12, 13 The present study was designed to establish a model of acute ICH by injecting blood into the frontal lobe of anaesthetized piglets after craniectomy, to determine whether EIT could detect ICH in vivo, and to study the relationship between the injection of blood and the EIT image.
Materials and methods

ANIMAL PREPARATION
Chinese piglets, weighing 15 ± 1 kg, were obtained from the Laboratory Animal Centre, Fourth Military Medical University, Xi'an, China. All of the procedures used were approved by the Institutional Animal Care and Use Committees of the Fourth Military Medical University, and adhered to their guidelines on animal experimentation. The piglets were fasted before surgery and all surgical procedures were performed using aseptic techniques.
Hairs over the skull were removed, and each animal was placed in a prone position. Animals were initially anaesthetized using a mixture of 35 mg/kg pentobarbital and 25 -30 mg/kg ketamine, intravenously, with 10 mg/kg per h pentobarbital infused intravenously throughout the experiment.
ICH MODEL
A cranial burr hole 30 mm in diameter was drilled 15 mm to the right of the sagittal suture and 10 mm anterior to the coronal suture. A 7.5-gauge sterile plastic trocar, 19 mm in length, was then placed stereotaxically into the centre of the right frontal cerebral white matter (centrum semiovale) at the level of the caudate nucleus. Silicone elastomer tubing, 200 mm in length and connected to an arterial catheter, was filled with 10 ml of arterial blood containing heparin sodium as an anticoagulant 14 by opening a three-way stopcock. An electronic micro-infusion syringe pump (AJ-5803; Angel Electronic Equipment Co., Shanghai, China) was then connected and 5 ml of blood was infused into the brain tissue at a rate of 2 ml/min (Fig. 1) .
After EIT monitoring, a CT scan (SOMATOM Emotion 16; Siemens Healthcare, Erlangen, Germany) was performed to validate the model.
EIT IMAGING
Sixteen sterile needle electrodes were placed circularly and evenly on the scalp. The centre of the circle was located at the intersection of the line joining the lateral Use of electrical impedance tomography for intracranial haemorrhage canthi and the median line of the head. The diameter of the circle was 8 -9 cm (Fig. 1 ).
Measurements were made using a multifrequency EIT system developed by our group, 15 which has a frequency range of 1 -190 kHz and a data acquisition speed of up to 3 frames/s. The stimulating current is limited to 0.001 -1.25 mA. The imagemonitoring software system can construct and display EIT images in real time. 16 A small alternating current (1.25 mA, 50 kHz) was applied to opposing pairs of electrodes in a polar-drive pattern, and the corresponding voltage signals were continuously measured on other pairs of adjacent electrodes at a rate of 1 frame/s. Before blood infusion, 10 min of measurements were acquired as reference frames, then the process of blood infusion was monitored as data frames. The reference frames were also used as control data.
The EIT images were constructed using a filtered back-projection algorithm, 17 which calculated the relative changes in impedance distribution by using the normalized potential differences between the data frame and the reference frame. The image consisted of a single unitless value at each pixel, and each value was indexed to a colour map showing the relative impedance distribution change. In the image, red indicated a decrease in impedance, blue indicated an increase in impedance, and green indicated the baseline.
EIT ANALYSIS
The mean of all the pixel intensities within a region of interest (ROI), the mean resistivity value (MRV), was used to evaluate the degree of relative impedance changes in the target 
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where Z denotes the value of differential impedance in the images, Z xy is the value in the ROI, and N is the area of the ROI. The identification of the ROI was determined by the impedance values using a predefined threshold:
Z p -Z xy ≤ t Z p where Z p is the peak impedance value of all pixels, and t is the threshold parameter; a threshold of 20% was used, as previously suggested. 13 In addition, the symmetrical index (SI), reflecting the relative impedance on the two sides of the brain, was calculated as follows: SI = Z right -Z left where Z right is the mean impedance value in the right hemisphere, and Z left is that in the left hemisphere.
AUTOPSY
After EIT imaging, the animals were humanely euthanized and autopsies were performed to validate the presence of ICH. The brains were grossly examined.
STATISTICAL ANALYSES
To study the relationship between the blood injection and EIT image, linear regression analysis was performed between both the MRV and the SI and the amount of blood, and correlation analysis was performed between MRV and SI using the SPSS ® statistical package, version 14 (SPSS Inc., Shanghai, China) for Windows ® . Statistical significance was evaluated using the t-test. A P-value < 0.05 was considered to be statistically significant.
Results
VALIDATION OF MODEL
Five Chinese piglets were used in the study. A CT scan of the animal ICH model (coronary section) is shown in Fig. 2A . The haematoma could be clearly seen, with a higher density in the right hemisphere of the brain. The haematoma was also confirmed at autopsy (Fig. 2B ). 
EIT IMAGING
The EIT images obtained during the process of blood injection over 150 s for all five subjects are given in Fig. 3 . The images taken before the injection of blood (at 0 s) were used as control images; these showed few intensity changes, indicating that the impedance changes seen with normal physiological activities are small. When blood was being injected into the brain, a decrease in impedance was seen in all five piglets (Fig. 3) . Red regions representing the diminished impedance appeared on the images in a manner consistent with the position of the injection and haematoma formation.
The maximum SI variance in the control data was 0.0008, whereas the average SI after 1.5 ml of blood had been injected was -0.0034. These values are large enough to be distinguished. Changes in MRV and SI with time during the process of blood injection for all five subjects are shown in Figs 4 and 5, respectively. Both parameters showed monotonic decreases as bleeding continued in each subject.
The results of the linear regression and correlation analyses are given in Table 1 . There were statistically significant correlations between MRV and the amount of blood and between SI and the amount of blood (P < 0.05). In addition, MRV and SI were significantly correlated (P < 0.05).
Discussion
Many medical imaging modalities are used to diagnose ICH, including CT and magnetic resonance imaging (MRI). In addition, many traditional monitoring modalities are also used to monitor the status of critically ill patients after craniotomy; the Glasgow Coma Scale, in particular, remains a key approach to neurological assessment after operation. 18 None of these modalities can, however, detect secondary ICH early enough in most patients and the post-surgical mortality risk remains high due to the lack of effective ways of detecting abnormal changes in the brain. It was demonstrated in the present study that EIT, as a novel image monitoring method, is sensitive enough to give an instant indication of ICH. Although the spatial resolution of EIT images is currently relatively low, it represents a promising modality for its sensitivity in detecting real-time changes in impedance. Computed tomography has been improved and developed over many years. Post-operative CT of the head can provide an accurate evaluation of secondary ICH but, to optimize the benefit of this imaging technology, the timing of the scan is crucial. 19, 20 An early scan may fail to detect the abnormal changes, whereas a delayed scan may miss the best opportunity to save the patient's life. Rather than supplanting CT, EIT could be used as a supplementary image monitoring method to decide when to perform a CT examination.
A traditional index, MRV, was used in the present study to evaluate the relationship between the EIT image and the injection of blood, and was shown to be highly linearly correlated with blood quantity. The disadvantage of MRV is its need for the identification of an ROI, which is highly dependent on the pre-defined threshold. During normal physiological functions, there are fluctuations in brain impedance. ROI for these random impedance changes are hard to identify using only the impedance threshold, which can lead to meaningless one cerebral hemisphere, symmetry will be perturbed and the SI will reflect the ICH. In the present study, the SI decreased almost linearly with continuous blood injection and was significantly correlated with the MRV during the blood injection period. Thus, the SI can be used to reduce the effects of random and global influences.
An acute ICH piglet model was created in the present study by injecting blood into the cranial lobe of piglet brains over 150 s. Compared with relatively long-term animal models, this brief model introduces only minor noise into the measurement data and so provides a better correlation between the impedance indices and the quantity of blood. Complicating influences cannot, however, be avoided clinically. Moreover, artefacts were seen in the outer regions of the images, and the bleeding site shown in the EIT images did not correspond precisely to the actual bleeding site. All these considerations indicate that further studies should be performed to improve the accuracy of EIT imaging. In order to reduce the artefacts and improve the resolution of the EIT images, novel EIT reconstruction algorithms should be studied. 21 Since there will be complicated influences in clinical cases, data pre-processing methods should be adopted to minimize the noise. 9 The combination of data pre-processing methods and new algorithms could improve the capabilities of EIT detection. In addition, anatomical images such as CT and MRI can be used to provide accurate location information to facilitate the use of this technique: 22 the anatomical image and EIT image could be merged as a fusion image to provide the precise location of the bleeding.
In conclusion, the present study demonstrated that EIT is sensitive to minor impedance variations. When combined with other diagnostic and monitoring modalities, the unique features of EIT may be beneficial in diagnosing ICH early in patients after cranial surgery, thereby reducing the risk of mortality and other complications.
